). An area of particular focus has been mature fine tailings (MFT), which is the very fine tailings resulting from processing oil sands, owing to the closure challenges related to that material type. End of pipe flocculant addition has also been examined for application in the dredging industry (Manzotti et al. 2014; Van Impe et al. 2009 ). Terminology for this technology varies, with it having been referred to as inline flocculation, secondary flocculation and polymer treatment. Herein it is referred to as polymer treatment (PT).
Introduction
Attempts to improve the dewatering behaviour of tailings through the addition of polymers at the point of discharge appear to have been first attempted in the early 1980s on coal tailings (Backer & Busch 1981; Stewart et al. 1986 ). Significant interest has developed more recently, with a variety of applications on a number of tailings types over the past 10 years (Cooling & Beveridge 2015; Jeeravipoolvarn et al. 2009; Riley et al. 2015 ). An area of particular focus has been mature fine tailings (MFT), which is the very fine tailings resulting from processing oil sands, owing to the closure challenges related to that material type. End of pipe flocculant addition has also been examined for application in the dredging industry (Manzotti et al. 2014; Van Impe et al. 2009 ). Terminology for this technology varies, with it having been referred to as inline flocculation, secondary flocculation and polymer treatment. Herein it is referred to as polymer treatment (PT).
While initial impetus for PT is generally focused on rapid initial water release, reduction in particle segregation, and near-surface strength gain (i.e. for equipment access and covering works), implementation of PT can have ongoing effects on the geotechnical behaviour of tailings compared to the same material when in an untreated (UT) state. The ramifications of flocculation on tailings' geotechnical behaviour is important with respect to the stability of tailings storage facilities (TSFs) should the strength of PT tailings be relied upon, for example, when utilised in an upstream-raised TSF, or should the tailings form part of a steepened beach without containment. Further, PT effects on ongoing consolidation behaviour will impact how a TSF consolidates over time and the densities achieved. The effects of PT on geotechnical properties of tailings are of importance as this technology is more widely considered and applied.
This paper reviews and summarises the publicly available literature on the effects of PT with respect to self-weight consolidation, strength, penetrometer response, and the longevity and/or sensitivity of such changes to shear and ageing. It is noted that the works summarised here are generally confined to studies carried out in a geotechnical engineering context -i.e. where significant effective stresses are present in the soil. It is noted that significant studies of the effects of flocculants in dewatering behaviour (i.e. in thickeners) have also been carried out (Farrow et al. 2000; Spehar et al. 2015) , including studies of the effects of shearing on the flocculated structure (Gladman et al. 2005 (Gladman et al. , 2010 . It is further noted that the majority the studies referenced herein involved preparation of PT material in a laboratory setting with minimal shearing to the specimens (beyond that required to mix the PT). While these represent an important starting point in such research -i.e. to allow assessment firstly of what effects PT may induce with negligible breakdown from shear, all tailings deposited on a beach will be exposed to some degree of post-treatment shear. Some initial studies have begun to quantify the effects of shear and are included in the discussion.
Observed effects in literature 2.1 Atterberg limits
A number of observations of changed Atterberg limits following PT have been documented (Beier et al. 2013; Jeeravipoolvarn et al. 2009; Manzotti et al. 2014; Reid & Fourie 2016 ). In particular, liquid limit is typically seen to increase -implying a higher undrained shear strength at a given density (at least at low stresses/densities). Further, modification of Atterberg limits suggests that PT is likely to alter some intrinsic soil properties of slurries with plasticity, similar to the effects of different pore fluid chemistry (e.g. salt, ionic strength and pH).
Density
The density that a tailings deposit achieves is of critical importance to TSF design. However, the realised density achieved in a TSF is a result of a number of factors, including (i) density versus effective stress characteristics of the material, (ii) hydraulic conductivity versus density characteristics of the material, (iii) rate of rise (RoR), and (iv) drainage conditions, particularly on the floor of the TSF. Attempts to account for a number of these components when assessing the effects of PT have been made, and are discussed subsequently in this paper. However, for the purpose of comparing the effect of PT on density, the comparison will initially be made as to the 'final' density achieved under a given magnitude of effective stress -i.e. point (i).
A number of laboratory comparisons have been made to assess the effects of PT on density under a given magnitude of effective stress, as summarised in Table 1 . For most examples cited, PT resulted in a lower ultimate density than untreated tailings when compared in this way. The effect of this observation on actual realised densities within a TSF are discussed later in this paper. The devices used to measure consolidation behaviour include the oedometer, seepage-induced consolidation test (SICT), direct simple shear (DSS), triaxial, slurry consolidometer, Rowe Cell, and constant rate of strain (CRS) consolidation device. Testing has been carried out on a wide range of tailings and soils types. 
Hydraulic conductivity
Similar to density, hydraulic conductivity has also been measured by a number of researchers, as outlined in Table 2 . Many of the studies cited are the same as those previously listed in Table 1 , as it is typical for density and hydraulic conductivity to be measured during the same test.
The results indicate that PT generally results in an increased hydraulic conductivity at a given density when compared to UT materials. Such a difference at the same density suggests that PT is resulting in a modified spatial and geometric configuration of the elements that make up the soil -i.e. the soil fabric. As will be seen subsequently in this paper, many of the changes induced by PT are similarly indicative of fabric changes. The combination of the changes of PT on density and hydraulic conductivity also suggest that assessing the potential impact on average in situ density through implementation of PT technology cannot be determined in isolation through laboratory element tests. Methods to carry out site-specific assessments using additional means are discussed later in this paper. 
Undrained shear strength
Undrained strength is often the most critical form of tailings strength with respect to both global embankment stability, and to stability during cover placement. Therefore, it has been the subject of much testing with respect to PT effects. However, to assess the effects of PT, it is first important to differentiate two ways of representing undrained shear strength:
Measures of undrained shear strength (su) at a given density. This approach is required when comparing, for example, surficial shear vane results where defining the effective stresses acting on the tested material is impractical. However, this value can also be obtained from laboratory element tests, where both the absolute su value and density of the specimen are known.
Undrained shear strengths at a given effective stress condition -most typically reported as an undrained strength ratio, with vertical effective stress (σ'v) as the reference stress condition (i.e. su/σ'v). Such a measure can be obtained from laboratory element and penetrometer tests. It is the most relevant value of undrained strength with respect to most forms of stability analysis.
The effects of PT on the undrained shear strength of a wide range of materials are presented in Table 3 , with the effects under both criteria (1) and (2). Undrained shear strengths were measured by vane shear (laboratory or field application), triaxial, DSS, or inferred from fall cone results. In all examples identified, PT is seen to result in an increase in su at a given density. Such an increase is consistent with increases to shear yield stress due to flocculation in tailings thickening and filtration (e.g. Adkins et al. 2012) . However, owing to the interacting effects of PT on both density and su at a given effective stress, the resulting su/σ'v following PT is often similar to that in a UT condition. Whereas the above data represents the measurements of undrained shear strength obtained in various studies, undrained shear strength is a geotechnical property that is sensitive to a number of factors. In particular, measured undrained strength is a function of shearing rate. This means that tests carried out quickly (i.e. a hand shear vane) will, all else being equal, give a lower strength than a 'slow' laboratory test such as the DSS. This was discussed by Gholami and Simms (2015) when comparing their laboratory results to previous shear vane testing outlined by Beier et al. (2013) . Further, while generally all materials with some plasticity exhibit strain rate dependence, there is evidence from comparison testing that PT may increase this strain rate dependency when compared to that same material in a UT state (Reid & Fourie 2017a) . Such an effect would indicate caution is required in placing reliance upon a hand shear vane when concluding that PT results in a higher undrained shear strength, as the rate of shearing of a hand vane is much higher than that typically applied to undrained stability analyses.
Separate to strain rate dependence (in fully undrained shearing), the potential for some field tests to be affected by partial drainage during shearing exists as the rate of consolidation of a material increases. This means that caution is necessary in examining, say, comparison of hand shear vane data for a material where the increase in consolidation rate resulting from PT could change the drainage conditions during hand shear vane testing. The effects of partial drainage on penetrometer response is discussed later in this paper.
Critical state conditions
The critical state line (CSL) represents an important reference point to define a material's likely behaviour under shear (i.e. contractive or dilative). As such, was PT to affect the resulting CSL, this would be an important consideration in tailings design. The previously discussed undrained triaxial tests carried out by Reid and Fourie (2016) on a low-plasticity synthetic tailings were part of a larger test program that also included drained tests. Together, this series of tests on PT and UT material allowed the CSL for both to be defined (Figure 1 ).
The results strongly suggest that for the tested material, PT changes the material's CSL. This was consistent across the three triaxial test types utilised -isotropic undrained (CIU), K0 undrained (CK0U) and isotropic drained (CID). Further, the inferred variation to the CSL suggested in Figure 1 is generally consistent with the other testing results on UT and PT material in the same program. These outcomes indicate that the effects of PT on resulting CSL should be considered when critical state techniques (Li et al. 2009; McPhail et al. 2004) are applied to assess the stability of a steepened tailings beach. Paste 2018, Perth, Australia 
Cyclic resistance
Cyclic liquefaction is a major potential issue for a steepened tailings beach, as it is one of the primary trigger methods for strength loss leading to flow liquefaction. Further, cyclic liquefaction behaviour is affected by a number of material properties such as density, fabric, and deposit age. Three published examples of cyclic testing are available to enable comparison between PT and UT material -testing by Reid and Boshoff (2015) on laterite nickel samples, Reid et al. (2015a) on iron ore tailings, and by Reid and Fourie (2017a) as part of their study of PT effects on a low-plasticity synthetic tailings. The results of these three test programs are summarised together in Figure 2 .
Of the results, testing on the iron ore and synthetic tailings indicated negligible effect of PT on resulting cyclic resistance -despite the PT material being at a lower density as inferred from mass of solids and volume of the specimen in both cases. However, as cyclic resistance can be affected by both density and fabric, it appears that the fabric induced by PT for those materials is increasing the cyclic resistance (thus presumably counteracting the effect of a lower density). Alternatively, the lateritic nickel tailings indicate a lower cyclic resistance following PT. This may suggest that the effects of PT on fabric, and the manifestation of these effects on cyclic resistance, may be material-specific. As only three materials have undergone comparative cyclic testing, it may be premature to draw conclusions from the available results. 
Brittleness and/or post-cyclic strength loss
The strength of a tailings after seismic loading, and/or static triggering of strain softening behaviour, is often the controlling strength for thickened TSFs with a steepened beach (Li et al. 2009; Seddon 2007) . However, there remains some inconsistency in the geotechnical and tailings professions regarding how to assess the strength after seismic loading, and whether such a strength could be strain-dependent for some materials (for detailed discussion, see Reid & Fourie 2014) . For example, penetration-based empirical correlations (e.g. Olson & Stark 2002 ) are based primarily on sandy silts and silty sands with little to no plasticity, and the post-liquefaction strengths inferred from the case histories represent the likely 'minimum' strength. They also include likely field-scale effects such as void ratio redistribution. Alternative to the above approach, for materials of moderate plasticity, it is common to see the post-seismic strength developed as a function of strain (Castro 2003; Stark et al. 2012) , with the suggestion that at high strains the strength would reduce to the residual/remoulded strength. This value is often derived from residual shear vane testing (e.g. Beier et al. 2013 ). This conceptual framework would seem to suggest that post-cyclic testing in, for example, a DSS device, could be of relevance for developing potential post-seismic strengths (should the likely strain during a seismic event be estimated accurately).
For the purpose of the present discussion, two forms of testing to assess the effects of PT on the brittleness and/or post-cyclic strength loss of tailings are outlined: Beier et al. (2013) outlined shear vane testing on MFT that suggests much greater brittleness for PT deposits.
 Post-cyclic test comparisons using a DSS device outlined by Reid and Boshoff (2015) , Reid et al. (2015a) , and Reid and Fourie (2017a) . Most of this testing did not suggest an increase in post-cyclic strength loss in PT samples.
In general, while data on the effects of PT on strength loss have been obtained, the general uncertainties in the geotechnical profession regarding methods and theories for the development of post-seismic strength add significant uncertainty in this area. Further research on these issues will likely be required to enable confident assessment of the brittleness of PT deposits with large, steepened beaches. Paste 2018, Perth, Australia
Penetrometer behaviour
Owing to the limited number of sites operating PT on a full scale, there is relatively little comparative data on cone penetration tests (CPT) and full flow pentrometer (ball, T-bar) tests in PT and UT deposits of a similar material. Further, owing to the difficulty in creating two deposits from identical material, where one has undergone PT and one is UT, direct comparisons may always be a challenge. Two examples, one full-scale and one using miniature penetrometers, were identified: (2011), who reported comparative CPT probes in UT and trial deposition PT zones, with the latter exhibiting much higher tip resistance and negligible excess pore pressure generation during probing. These results may indicate higher effective stresses (from faster consolidation) and/or the effects of higher drainage rates in the PT material resulting in partially drained CPT penetration.
 Reid and Fourie (2017b) carried out a series of miniature T-bar and CPT probes in beam centrifuge strongboxes on their synthetic slurry material in both a UT and PT condition.
The results obtained by Reid and Fourie (2017b) are summarised in Figure 3 as normalised penetration resistance Q against normalised penetration velocity V (Finnie & Randolph 1994) . A wide range of penetration velocities were used in this study to explore the interaction of the different drainage rates of PT and UT material and penetration resistance. The testing indicated similar penetration resistance during slow (i.e. drained) penetration, whereas at increasing velocity PT exhibited dilative behaviour and UT contractive behaviour (and hence lower Q). The reasons for this discrepancy are not clear at this time, as laboratory element tests of PT material exhibited contractive behaviour when in a normally consolidated state similar to that within the beam centrifuge. Clearly, more study of penetration response following PT is required. 
Shear and ageing effects
In the previously cited laboratory studies, the PT materials were generally prepared without additional shearing beyond that necessary to mix the polymer. However, deposition on a tailings beach (i.e. after PT occurs in a pipe, for example) will result in additional shearing of the material. The magnitude of shear is also likely to vary along a beach, with additional shearing occurring as the slurry runs down the beach, as water flows through and around the flocs and as flocs consolidate. Such shearing may affect the subsequent geotechnical performance of the material.
Two studies have specifically examined the potential for shearing, after PT mixing, to affect geotechnical properties: Both studies indicated that shearing of the PT material after initial mixing generally reduced the changes that occurred -i.e. the 'sheared' PT samples exhibited behaviour closer to UT material. It appears that shearing induces a breakdown of the network structure developed by PT, and hence reduction of the changes resulting from this network structure. The changes seen in geotechnical consolidation properties are similar to those observed in particulate suspension dewatering studies (e.g. Gladman et al. 2005 ) and on rheological studies of PT tailings sampled along an active beach (e.g. Charlebois 2012).
Separate to shearing during deposition is the question of whether, over time, chemical degradation of polymers may result in changes to the material behaviour. An interesting laboratory study that provides some preliminary information is the work of Mao and Fahey (1999) on the use of flocculants in reconstituting a moderate plasticity silty clay calcareous soil from the North West Shelf of Western Australia. For this material, it was found to be difficult to prepare reconstituted samples as loose as found in situ (a common problem). Therefore, Mao and Fahey mixed the material with flocculant as part of the reconstitution process, which resulted in lower densities at a given vertical effective stress. The densities for the flocculated samples then more closely resembled tube samples -although still giving higher shear strengths.
On the basis of their initial results, Mao and Fahey (1999) theorised that the flocculants themselves were causing an increase in strength. They then stored some flocculated samples in an 80-90°C water bath, based on their previously observed degradation of the flocculant solution under such temperatures. This heat treatment reduced the strength of the flocculated samples, possibly implying that flocculants themselves can increase strengths even at effective stresses >100 kPa. However, it is not entirely clear how applicable these observations are to PT tailings. For example, Mao and Fahey did not carry out control tests to assess if such a high temperature water bath affected the behaviour of the unflocculated calcareous soil. Furthermore, the flocculant used in their work, Magnafloc 919 from Allied Colloids Australia (now BASF Australia), is not of a type commonly applied in PT at the point of tailings discharge. It seems clear from this review that further study is necessary as to the potential for the effects of PT to degrade or change over time if the polymers themselves degrade.
Self-weight consolidation assessments
The majority of the consolidation test comparisons previously outlined indicated PT resulted in lower densities at a given magnitude of effective stress, and higher hydraulic conductivity at a given density.
As the average density developed in a deposit is a function of both of these properties, assessing the effect of PT on density therefore requires more than laboratory element test comparisons. At least three studies have taken consolidation test result comparisons and carried out finite strain consolidation simulations to assess the difference in idealised PT and UT deposits (Jeeravipoolvarn et al. 2014; Reid et al. 2015b; Znidarcic et al. 2015) . The studies of Jeeravipoolvarn et al. (2014) and Znidarcic et al. (2015) were focused on MFT which generally has a very low hydraulic conductivity in a UT state, and as such, PT was seen to increase the density realised in the deposit. Reid et al. (2015b) carried out modelling based on their previous testing of a low-plasticity synthetic tailings, which had a much higher hydraulic conductivity than MFT (either in a UT or PT state). Modelling related to the synthetic tailings was carried out across a range of deposition rates, which were quantified using the term 'slurry RoR' -i.e. the rate of rise in the deposit should no hindered settling or self-weight consolidation occur. The results of that study in terms of average density versus rate of deposition (i.e. slurry RoR) for UT and PT material are summarised in Figure 4 . The plot suggests that at higher deposition rates, the higher hydraulic conductivity of the PT material outweighs the higher final dry densities (at a given vertical effective stress) of the UT material.
In general, the available examples of self-weight consolidation modelling of idealised PT and UT deposits indicates the importance of site and material-specific considerations when assessing the potential benefits of implementing PT, and points to some conceptual frameworks to enable such assessments to be made. 
Context on the magnitude of PT-induced changes
Whereas clear evidence has been provided by many authors cited in this paper of the changes in geotechnical behaviour that can result from PT, some context from other areas of the geotechnical literature is useful. For example, changes of similar or greater magnitude to those resulting from PT have been demonstrated through changes to the pore fluid chemistry of clayey slurries during preparation and hindered settling. For example, salinity, pH and other pore fluid chemistry changes have been shown to result in significant changes to consolidation behaviour and shear strength (Sachan & Penumadu 2007) and potentially the resulting CSL of the materials (Wang & Siu 2006) . As such, the potential for PT to change geotechnical properties should be viewed in the context of the other studies. Indeed, the sensitivity of behaviour to relatively slight pore fluid chemistry changes raises a number of other important questions regarding laboratory testing methods and their applicability to field conditions that the authors would suggest are sometimes not considered.
Areas of future study
As indicated in this paper, a significant amount of research has occurred over the past 20 years to better understand the effects of PT on geotechnical properties of slurries. However, there remain a number of issues that require further consideration:
 Penetrometer response: Owing to the limitations of miniature penetrometers, and attempting to correlate behaviours in situ (where materials used in the comparison are never 'identical'), it is still unknown how well standard interpretation methods will work in a PT deposit.
 Ageing: Some experimental studies suggest that destruction of the polymers themselves (after settling and consolidation -i.e. fabric development) changed the geotechnical properties of the material. The potential for ageing or long-term degradation of polymers in situ has not been sufficiently explored.
 Shear effects: At least two studies demonstrate that the significant shearing of a slurry, after PT has occurred, can alter geotechnical properties when compared to a non-sheared sample. Further assessment of this behaviour is necessary.
It is our view that most of these issues could best be assessed by means of joint efforts between mining companies, consultants, chemical suppliers and academia. Each brings a particular skill set and set of resources to the problem. Such a combined effort could be applied on a large scale in studies to use PT to create a steepened tailings beach.
Conclusions
A review of published data on the geotechnical effects of PT was carried out. A number of laboratory-based comparisons have been made, with an increase in data from in situ testing becoming available as the technology matures and becomes more widespread.
The most common test programs investigated the effects of PT on consolidation characteristics (density and hydraulic conductivity). These test programs generally indicated lower densities following PT after consolidation to a given value of effective stress, along with higher hydraulic conductivities at a given density. These two findings indicate that the effect of PT on actual densities realised in a TSF are a function of the tailings RoR -at higher RoR, the increased hydraulic conductivity resulting from PT generally outweighs the lower final density at a given effective stress. Three examples of numerical modelling exploring such issues were identified in the literature.
A number of test programs investigated the shearing behaviour with and without PT. In general, undrained shear strengths at a given density were higher following PT. This was observed in both field vane shear programs and a wide array of laboratory testing. Consistent with the undrained strength result, there is strong evidence that PT results in a different CSL -an effect of significant importance in liquefaction assessments. The shear rate effects of PT material appeared to be greater, based on one laboratory test program, which was consistent with field versus laboratory comparisons of PT MFT material.
Shearing of the PT material after treatment was seen to generally reduce the effects of PT on consolidation behaviour and shear strength compared to unsheared samples. As shearing of tailings after treatment will occur on all tailings beaches, this factor requires additional consideration.
Penetrometer resistance was seen to change drastically following PT in one field and one centrifuge program that could be found in the literature. These changes appear to be occurring, at least partially, as a result of higher effective stresses in the PT material (owing to faster consolidation), and to greater drainage during penetration. However, based on the limited number of examples, and the complexities induced by penetration under different drainage conditions (partially drained and undrained), further investigation is required.
Limited evidence as to the longevity of polymers in situ, and the stability implications should they degrade, was located. One study indicated that the use of heat to degrade the polymers may have reduced the geotechnical effects of PT. However, this study was carried out on a polymer type not typically used in PT of tailings at the point of discharge. Further study in this area is of importance should steepened beaches be developed using PT technology.
